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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center
of excellence in advanced technology applications that is dedicated to the reduction of earthquake
losses nationwide. Headquartered at the State University of New York at Buffalo, the Center was
originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER). '

Comprising a consortium of researchers from numerous disciplines and institutions throughout
the United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and
post-earthquake recovery strategies. Toward this end, the Center coordinates a nationwide
program of multidisciplinary team research, education and outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the
State of New York. Significant support is also derived from the Federal Emergency Management
Agency (FEMA), other state governments, academic institutions, foreign governments and
private industry.

The Center’s FHW A-sponsored Highway Project develops retrofit and evaluation methodologies

for existing bridges and other highway structures (including tunnels, retaining structures, slopes,

culverts, and pavements), and improved seismic design criteria and procedures for bridges and
other highway structures. Specifically, tasks are being conducted to:

» assess the vulnerability of highway systems, structures and components;

* develop concepts for retrofitting vulnerable highway structures and components;

» develop improved design and analysis methodologies for bridges, tunnels, and retaining
structures, which include consideration of soil-structure interaction mechanisms and their
influence on structural response;

* review and recommend improved seismic design and performance criteria for new high-
way structures. '

Highway Project research focuses on two distinct areas: the development of improved design
criteria and philosophies for new or future highway construction, and the development of
improved analysis and retrofitting methodologies for existing highway systems and structures.
The research discussed in this report is a result of work conducted under the existing highway
structures project, and was performed within Task 106-F-4.3.1(b), “Field Testing of a Seismically
Isolated Bridge” of that project as shown in the flowchart on the following page.

The overall objective of this task was to develop nonlinear models for use in seismic vulnerability
assessments of isolated bridges. The report describes the development of an optimized procedure
to perform such an assessment. To develop the procedure, the authors first identified the .
properties of interest of the seismic isolators, then modeled the hysteretic characteristics of the
bridge-isolator system. An analytical solution for the response of a bilinear SDOF system to

iii



quick-release excitation was derived. Data from two different quick-release tests were used to test
the procedure. The predicted vs. observed test data were compared and showed good agreement.
Thus, the authors concluded that quick-release field test data could be successsfully used to
extract nonlinear hysteretic properties of seismically isolated bridges.
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ABSTRACT
A time domain system identification method is used to identify the hysteretic properties of lead-
rubber bearings installed in seismically isolated bridge systems. The longitudinal or transverse
motion of the superstructure is idealized as a single degree of freedom (SDOF) system, where the

total damping effect has been divided into two parts.

The most significant component of damping, which is caused by hysteretic behavior, is described
directly by the nonlinear models. The viscous damping component, which is assumed to be

proportional to the velocity of the mass, is described by the damping ratio.

Two theoretical models are used for modeling the force-displacement characteristics of the rubber-

lead bearings. These are the generalized Ramberg-Osgood model and the bilinear model.

A closed form solution for the response of a bilinear SDOF oscillator to quick release excitation was
derived and a step by step integration method is used for computing the displacement, velocity and
acceleration time histories of the nonlinear SDOF system numerically. The displacement and
acceleration time histories of the superstructure observed during quick release tests are compared
with theoretical ones in order to identify the important characteristics of the lead-rubber bearings

from field experiments.

Time histories recorded from field quick-release tests on two bridges are used for the examples

vii



presented herein. It is shown that this is a simple and efficient method to interpret the data from
quick-release field tests. The essential in-situ hysteretic characteristics of lead-rubber isolation

bearings can be obtained using this method.
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SECTION 1
INTRODUCTION

A notable change in conventional seismic design methods in past years has been the introduction of
the concept of ductility. The main purpose for introducing ductile elements in structures is to absorb
energy, thus avoiding collapse during major earthquakes. These highly yielded structures, however,
may not necessarily be repairable. A challenging task today is to find practical design technologies
which protect both life and structure with a minimum extra cost. Among the efforts toward this goal,

seismic isolation is one of the most promising concepts.

Seismic isolation is a passive seismic control technology which has developed rapidly in recent
years (Buckle et. al., 1990). The goal of reducing earthquake induced forces in isolated structures
is attained by introducing bearings, which are very flexible in the horizontal direction, between the
base of the structure and the foundation. The flexible bearings change the dynamic characteristics
of the structures in three ways. First, the fundamental frequency of the structure is reduced so that
it is much lower than the predominant frequency of the strong ground motion. Second, the flexible
bearings provide a special mode shape in which the distribution of the shear distortions are
concentrated in the bearings rather than distributed throughout the entire structure. The main
structure benefits from this special mode shape by reducing the overall shear forces in it. Third, the
resonant displacement associated with the fundamental isolation mode can be significantly reduced

by introducing a damping mechanism in the bearings.

The motion of higher modes in superstructures may not benefit from the damping of the bearings.
However, according to the linear model proposed by Kelly (1990), the higher modes are “highly
decoupled” from the high frequencies of earthquake ground motions. In bridge engineering, seismic
isolation is becoming an economic and efficient alternative to conventional design in protecting the
columns and superstructures from damage (Mayes, et al., 1992). Some successful examples of the
use of seismic isolation technology have been observed in Japan and the United States during the

Kobe and Northridge earthquakes. (Moehle, 1994, Asher et al., 1997). In the retrofitting process,



the supports are replaced by bearings made with special materials. One type of isolation bearing is
made of laminated rubber having a lead core. The basic characteristic of this type of bearing is that
it has a substantial stiffness in the vertical direction to carry the dead loads and a relatively small

shearing stiffness, which shifts the fundamental period in the structure.

The practice of seismic isolation concepts began in the 1970's in New Zealand (McKay, 1990). Other
work on this concept was conducted in Japan, Italy, France, Greece and China (Buckle et al., 1990,
Kelly, 1986). In the United States, a major factor for limiting the use of this technology was the lack
of a suitable code (Mayes, et al. 1992). As a key step, in 1991, AASHTO published a guide
specification for seismic isolation design (AASHTO, 1991). In the AASHTO design procedure, the
energy dissipation of the isolation system is expressed in terms of an equivalent viscous damping,
and the stiffness was expressed as an effective linear stiffness. The dynamié behavior of seismically
isolated structures is controlled by the hysteretic properties of the isolators, and is strongly
nonlinear. Starting in 1976 at the Earthquake Engineering Research Center at University of
California at Berkeley, a series of the theoretical and laboratory studies for the force-displacement

behavior of elastomeric rubber bearing were carried out (Kelly, 1981, 1987, Chen, et al, 1993).

The hysteretic characteristics of lead-rubber isolators have often been represented by a bilinear
model for the sake of simplicity. However, laboratory tests have shown that for strains of less than
about 100%, when the strain increases, the shear stiffness decreases in a smooth continuous manner;
but at larger strains, the shear stiffness begins to increase again. For the purposes of quick-release
testing, it is not anticipated that strains much greater than 100% will be required. In this strain range,
the generalized Ramberg-Osgood model proposed by Desai (1976) was found to be a more accurate
way of representing the hysteretic behavior of lead-rubber bearings. The generalized Ramberg-
Osgood model allows for a finite stiffness for large strains, while the backbone curve of the standard
Ramberg-Osgood model has a zero stiffness at large strains. Another convenient feature of the
generalized Ramberg-Osgood model is the fact that it can also be used to represent a bilinear
hysteretic model by choosing the power parameter to be large. Thus, the same basic hysteretic rule

can be used for both models within a computer program. It should also be noted that designers can



construct an equivalent bilinear model to describe the bearing behavior once the generalized

Ramberg-Osgood parameters have been defined for the particular case in question.

The dynamic characteristics of the lead-rubber bearings depend on many factors such as temperature,
aging and loads on the bearings. In the laboratory, only individual bearings can be tested. Dynamic
tests are difficult because of their large size. Different types of rubber bearings may be installed on
one bridge. The dynamic behavior of a bridge in-situ will be determined by the combined
characteristics of all the bearings installed in the bridge. Full scale quick-release tests provide a
practical way to obtain the dynamic properties of the entire bearing assemblage. The nonlinear
response can be obtained by pulling the structure past the yielding point. Since 1990, several full
scale quick-release tests on the highway bridges have been conducted in the United States (Douglas,
et. al., 1990, Gilani, et. al., 1995, and Wendichansky, 1996). The time histories from quick release
tests contain much information about the dynamic properties of the superstructures, bearings,
columns, and foundations. For seismically isolated bridges, however, the major interest is to obtain

the nonlinear properties of the isolators.

The important question is how to extract the physical parameters of the rubber bearings from the
quick-release time histories. For this purpose, we propose an iterative optimization procedure to
obtain the optimal parameters of the generalized Ramberg-Osgood model as well as the damping
ratio by fitting the calculated time histories to those obtained from the quick-release tests. We
assume that the motion of superstructure can be simulated by a single degree freedom (SDOF)
system. In the quick-release test, the bridge is usually pulled and then released in either the
longitudinal or the transverse direction. Several conditions are required for the SDOF model to be
a valid assumption. The twisting component of motion of the superstructure should be negligible.
The data should be dominated by the motion of the fundamental mode, or at least, the motion for
the fundamental mode must be separable from the higher mode motions. For purposes of identifying

the properties of the isolators, the flexural deformation of the substructure should be small.

In modeling the hysteretic characteristics of the bridge-isolator system, two models were used. The



generalized Ramberg-Osgood model was found to be a flexible and adequate model for representing
the hysteretic characteristics of the rubber-lead bearings if the strains in the bearings are not larger
than 100%. On the other hand, the simple bilinear model is a very useful equivalent model for
analysis and design purposes. Using a step by step numerical method, the nonlinear response of the
SDOF system was computed using the generalized Ramberg-Osgood hysteretic rules. For numerical
purposes, the generalized Ramberg-Osgood formulation can be made to solve the bilinear hysteretic
case with a suitable adjustment of the Ramberg-Osgood parameters. To find the hysteretic properties
of a seismically isolated bridge, an objective function was defined as the sum of the squares of the
differences between the computed time histories and the observed data, where both the displacement
and the acceleration time histories were used in the objective function. A direct search algorithm
proposed by Hooke and Jeeves (Hooke and Jeeves, 1961) was used to find the optimal solution,
which is defined as the solution which causes the objective function to have a global minimum.
Experience has shown that this is a simple, reasonably efficient method to minimize the objective

function (Vrontinos, 1994).

An analytical solution for the response of the bilinear SDOF system to quick-release excitation was
also derived. This solution is helpful for a better understanding of the behavior of a bilinear SDOF
oscillator. For example, the time at which the first yield point is reached after quick release, and the
time at which the oscillator returns to the initial stiffness can be calculated theoretically. It can also
be shown that significant nonlinear behavior such as the post yielding stiffness and the yield point
are contained in the first cycle of the time histories. These theoretical times can guide us in choosing
the analysis time window. In quick-release tests, it is desirable to produce as small a permanent
displacement as possible. Another useful result is that the initial release displacement required to
cause a zero permanent displacement can be found. This is a closed form equation for the case when
the damping ratio is zero. For the nonzero damping case, this information can only be obtained from
a numerical solution. It was found that the release displacement which causes a zero permanent
displacement is sensitive to the damping ratio. Due to the damping effect, larger release
displacements are required to cause a zero final displacement than the non-damping case. The

analytical solution can also be used to check the correctness of the computer code for the numerical



method.

In order to consider practical examples, two data sets from quick-release field tests were used to find
the optimal parameters representing the hysteretic characteristics of rubber-lead bearings. One set
is from the full scale quick-release tests carried out by the University of California at Berkeley
(Gilani et al., 1995), and another is the quick-release test conducted by the State University of New
York at Buffalo (Wendichansky, 1996). The hysteretic curves predicted by the optimized model
parameters using this field data were compared directly with the load-displacement data obtained
from labofatory tests on the same bearings. It was found that there was no significant disagreement
between these results. The result indicates that the optimization procedure proposed in this report

is a practical method for analyzing the data from quick-release tests.






SECTION 2
METHODOLOGY

There are two different ways to model the quick-release response of seismically isolated bridges.
One is to establish a detailed finite element multiple degree of freedom model, from which the
vibration of the entire system can be studied. This detailed model would include the rigid body
motion as well as the detailed behavior of the individual structural elements. Another way is to
utilize the features of the seismically isolated bridge to establish a simple SDOF model. One of the
important characteristics of seismically isolated bridges is that the shearing stiffness of the lead-
rubber bearings is significantly lower than the superstructure and columns. In quick release tésts, the
major deformation occurs in the lead-rubber bearings only. The superstructure behaves almost as a
rigid body. For the quick-release test, the bridge is usually pulled and then released in either the
longitudinal or transverse direction. By careful design of the load application details, the twisting
component of the motion can be reduced to a negligible level. Thus, a single degree of freedom
(SDOF) model is suitable for this case. Based on a SDOF model, we propose a system identification
method for identifying the hysteretic properties of lead-rubber bearings insta_lled in seismically

isolated bridges.

Typically, the displacement time histories for the isolated superstructure obtained in quick-release
tests contains two parts. The first cycle, which is dominated by the nonlinear response is the first
part. The second part consists of the decaying damped elastic oscillations. The decay of the elastic
oscillations implies a viscous damping mechanism. Thus, we assume that the total damping is caused
by both hysteretic and viscous damping. The hysteretic damping is described directly by the hysteric
force-displacement model. The viscous damping is represented by introducing the velocity

proportional term in the equation of motion for the SDOF model.

The displacement time history is usually dominated by fundamental mode. The experimental
acceleration time histories, however, may contain the motion of the higher modes. The high

frequency motions in the acceleration time histories are excited by the quick-release system. For



longitudinal quick-release tests, the accelerogram may have a large component associated with the
signal having a period equal to the time it takes for a wave to travel from one end of the
superstructure and reflect back. These high frequency signals might be reduced by designing a
quieter release system. For superstructures released transversely, the frequency related to the wave
traveling across the width of the deck is too high to be of concern. However, the mode related to the
flexural vibration of the superstructure may be dominant in the acceleration time histories. To reduce
the motion of the flexural vibration mode, it is better to pull and release the superstructure at multiple
points to keep the static release deformation shape as close to the rigid body deformation shape as
possible. Our interest is to extract the information for the hysteretic physical properties of the
isolators which is contained in the fundamental mode only. The higher mode properties, which
contain the other dynamic properties of the superstructure, are of no interest for our purpose. Thus,
for our study, a SDOF model is a simple and feasible model. The displacement time histories are
ideal data for this purpose, the acceleration time histories are more likely to be contaminated by
higher modes. A multiple degree of freedom model is required to accurately describe the complete
acceleration time histories. However, because the frequencies of the higher modes are usually well
separated from the fundamental mode, the high frequency signal contained in the accelerograms can
be removed by using a low pass filter. Therefore, the filtered acceleration time histories are still

useful for our purpose.



SECTION 3

ANALYTICAL SOLUTION FOR SDOF SYSTEM
WITH A BILINEAR HYSTERETIC SPRING

3.1 General

An analytical solution for the quick-release nonlinear dynamic problem is desirable for checking the
computer code used in the numerical method. The closed-form solution for the bilinear oscillator is
also helpful to better understand the dynamic behavior of bilinear isolators. In the optimization
problem, it also helps to reduce the time of computation. In this report, we provide an analytical
solution for quick-release response of the SDOF system having a bilinear hysteretic spring. The
typical hysteretic curve for the quick-release response of the bilinear model is shown in figure 3-1.
The whole SDOF response for a bilinear model can be obtained by solving a sequence of linear
problems. For simplicity, we assume that the total response curve is made up by three branches:
elastic branch (segment 3-6), yielding branch (segment 6-8), and elastic tail (8-11). Unless the
release displacement is very large, where five or more branches may be required to describe the
whole response, the response of quick-release tests usually contain only these three branches. The

general form of the equation of motion can be written as:

M(1) +Cv(2) +K(2) v(t) = p(2) G-

K. (branch 3-6 and 8-11.)

K@) = {p

K, (branch 6-8) (3-2)

~F(-ap+a+B-1) (3-6)
po ={ E(1-p)  (6-8) (3-3)
(F+Ep(1-p) (8-11)

Here M, C, represent the mass and damping coefficient. K(f)and p(f)are stiffness and equivalent

load. The value of K(f) and p(¢) vary from branch to branch where Fy is the yielding force, a andf3
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Force

a=Fy-Kd(Dm-Dy)
b=Fy+Kd(Dm-Dy)
c=a+Kd*§

Figure 3-1 Definition of the Bilinear Model

10
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are two dimensionless parameter defined by:

Am
Q== (3-4)

A}’

-_d
B z (3-5)

In the equations above, A _is the release displacement, and Ay the yield displacement. K, andK,
are the initial and post yield stiffness respectively. The typical values of o for field tests may be
between 2 and 20 and the range of values [ for typical lead-rubber bearings may be between 0.015
and 0.35.

3.2 Analytical Solution for Zero Damping

When viscus damping is zero, the solutions for displacement and velocity time histories are:

Ay[( 1+ap-B)coswr-(1+ap-B-o)] (O<z<ty)
o) = { Al-2/o-TsinoyB(r-1) +(a—% -1)coswy/B(t-2,)+ ! ';B ] (t5<esty) (3-6)
d+(vg-d)cosw(t-tg) (1)
—Aycn(l +aff ~B) sinwt (O<z2ty)
i) = { ~VBoA [2y/aTeosayBle-1)+(@ —% ~DsinayB-19] (t<t<ty) 3-7)
-0 (vg-d)sinw(z-tg) (r>1,)

11



d is the permanent displacement:

d=8,G-DU-PE@ 23 BA-01] (39)

v is the displacement at point 8 (See figure 3-1):

A
v8=?y{1—B—\/Bz(a2+2a—3)+2[3(1—a)+1} (3-9)

t, and tg correspond to the times at which branch 6-8 and 8-11 are reached respectively. They are

determined from:

t6=%arccos[—g%§—;—i-] (3-10)
’ 1 28/a-1 o
t +——arctan[ ¥ — <=+1
] ° coJBarCan[l—B(a—l)] W esgr i
- ]
to+ 1 arctan[ 2pya-1 ]+ = (if a>-l-+1)
o TBeD off B

For the zero damping case, equations (3-6) and (3-7) represent the quick-release response of the
bilinear oscillator if the permanent displacement d is the positive. When a is large enough to cause
a negative permanent displacement, more than three branches are required to represent the total

response.

12



3.3 Analytical Solution for the Damped Case

The solution for the displacement and velocity response:

,

Ay[B(a—1)+ 1]e 'Q‘D'(i_(’;sincoDHcoscth) +Ay(a+B -af-1) (O<t<ty)
-La(r- . A(1- :
() ={e A sine (1-1,) +Beosw,(t-1,)] + 4P (1,<t<ty) (3-12)
d+(vg-dye I Esing (1-1,)+cosa(t-1)] (1)
\ OJD
0)2 Lot
—Aym—[B(a-l)H]e sinoyr  (O<e<ty)
D _
-Lo(t-tg) _ . _ _
5(1) = e {A[-Cosinm (t-1,) +®© Lc0s@ (2~ 1)] (3-13)

-Blwsino(t-1) -Cocosw(t-1)]}  (f<t< te)

{w .2 .
=(vg—dop[(=—) +1]sinwy(t-1,) (>1)
©p

In equations (3-12) and (3-13), { is the damping ratio which is defined by:

(=< 3-14
Mo (3-14)

o and o, are the elastic circular frequencies defined by:

(3-15)

x|

oy =0y1-C (3-16)

13



o is the circular frequency corresponding to the yield branch:

=oyB-¢ (3-17)
t, andzy are determined from:
-Gt . -1
e < (J_—lz;__-c-; Sln(J)Dt6 +COS(0Dt6) EEZ 1§+1 (3"18)
- —arctan( ©A -(wB ; OJEA oB +0)
O (oA +o B C(DA + 0B
t =1 (3-19)
®B B
te+ ——arctan( o4 Lo + (i (DEA o <0)
L O oA+ B o Ca)A +0 B
A and B are coefficients:
2
-0 )-17 - 2 B0 1y+13e “sin, (3-20)
O 1995500,
B=Ay-[1§[B(a—1)—1] (3-21)

d is the permanent displacement:

14



d=(A,+ve)(1-B) (3-22)

ve is the displacement at the point 8 which is determined from:

A(1-B)

=e -Lo(tg-te)

[Asin® (£, -1,) +Bcos@(t; 1) ] + (3-23)

8

When conducting quick-release tests on lead-rubber bearings systems it is desirable to release the
deformed system such that the final permanent displacement d is zero. We define a, to be that value
of o which results in a zero permanent displacement. By equating the energy stored under the
hysteretic loop in figure 3-1 defined by the points 3, 4 and 5 with the energy under the loop defined

by points 5, 6, 8 and 9 a closed form solution for o, for the zero damped case can be derived:

0y = % -3 (3-24)

For the damped case, we used a numerical method to find o,. Figure 3-2 shows the relations
between «, and . We can see that when B<0.1, as B decreases, then o, increases rapidly. Thus a;

is very sensitive to the damping ratio when B<0.1.

There are three limiting cases for equations (3-12) and (3-13). The first case is when the response can
not reach the second branch. This is possible when ( is large and a is small. Whena is smaller than
the right hand side of (3-25), then the quick-release response is confined entirely on branch 3-6 in
figure 3-1. This means that the viscous damping ratio is so large that the oscillator can not get to

branch 6-8. The condition for which the response requires three or more branches is:
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—pB-1+—
“ B(B -L) (3-25)

1+e VI¥

The second special case is when o is so large that more than three branches of the solution are
required. In order to insure that no more than 3 branches (equations (3-12) and (3-13) ) of the

solution are required, v, must satisfy equation (3-26):

2
— DIA,

l+e VI¥

1
>-[1+—
KRR (3-26)

The third limiting case for solutions (3-12) and (3-13) is that the damping ratio {, which is defined
by (3-14), should be smaller than the critical damping ratio of 1. For bilinear model, the critical
damping is governed by the damping on yield branch (see (3-17) ). For example, with a value of
B=0.1, the critical damping ratio { would be about 30% on this branch of the hysteretic loop.

Finally it should be noted that the dynamic response of the bilinear hysteretic oscillator has a varying
frequency due to the nonlinear nature of the problem. We define the nominal natural frequency of the
system as the natural frequency (3-15) of the system during the elastic vibrations that take place on
branch 8-11 in figure 3-1. From equation (3-15) it can be seen that in order to back calculate the initial
stiffness K, from the natural frequency, the mass M must be known. Thus, in order to apply this
methodology, an accurate estimate of the dynamic mass must be made from the construction

drawings.
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SECTION 4

A GENERALIZED RAMBERG-0OSGOOD MODEL
AND ITS IMPLIED BILINEAR MODEL

4.1 Generalized Ramberg-Osgood Model
A generalized Ramberg-Osgood model proposed by Desai et al. (1976), which is found to be more
flexible than the bilinear model, is utilized to simulate the hysteretic curves for the lead-rubber type

isolators. The force-displacement relation of the Ramberg-Osgood model is described by:

F_A 1

—=—[n+——————]  (Backbone)

F, A 1

o o (1+IAIY)7 (4-1)
. AO
F-F, A-A 1
= [n+ 1 ] (Other Branches)

Fy A, A-A, < (4-2)

(1+ ")Y

2A

0

where F and A are load and displacement respectively. F, and A, represent the coordinates of the
most recent point on the hysteretic loop where the load changes direction (i.e. from increasing to
decreasing). F, and A, are the characteristic yield load and characteristic yield displacement
respectively. y is an exponent parameter. 7 is a parameter which is related to the final stiffness. The
Generalized Ramberg-Osgood model is defined by these four parameters, F,, A,, v and n. The
Generalized Ramberg-Osgood model becomes the standard Ramberg-Osgood model (Hibbeller,
1992) when 1 is equal zero. When 1 is greater than zero, and when v is large, the model approximates
the bilinear model very well. When 7 is equal to zero, and when v is large, the model approximates

the elasto-plastic model.

19



4.2 Implied Bilinear Model

Figure 4-1 shows curves of the Generalized Ramberg-Osgood model having different y and the
implied bilinear model. The implied bilinear model is defined as the backbone of the Ramberg-
Osgood hysteretic loop obtained when yapproaches infinity. We see that when 7y is large, the
Generalized Ramberg-Osgood model is a very close approximation of the bilinear model. The initial
stiffness K, post yielding stiffnessK ,, yield displacement A, and yield force F , of the implied

bilinear model are related to the parameters F, A, and n as defined below:

AO = Ay (4‘3)
K-
"3, (4-4)
F
=—2 4-5
¢ (1 @
=_.._B_._.
15 (4-6)
K,=K( lﬁn) 47

Figure 4-2 shows the load-deformation relations for the generalized Ramberg-Osgood model and it’s

implied bilinear model. Figure 4-3 shows the backbone branch of laboratory test data obtained at the
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State University of New York at Buffalo (Wendichansky, 1996) for a lead-rubber isolator, and the
generalized Ramberg-Osgood model obtained by fitting the data in the least squares sense. We can
see that the generalized Ramberg-Osgood model fits the hysteretic curve of the lead-rubber isolator
better than the bilinear model. Thus the generalized Ramberg-Osgood model is a more accurate model

than the bilinear model for our purpose.
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SECTION 5

IDENTIFICATION OF DYNAMIC PROPERTIES OF
SEISMICALLY ISOLATED BRIDGES FROM
THE QUICK-RELEASE TIME HISTORIES

5.1 Modeling for the Optimization Problem

The objective function for our problem is defined as follows:

ﬁ: [9(2)) oy = V(2 3 P i [Vt = V(2 o
W(@,B,1,0,0) =w—— + (1-w)—— (5-1)
PIRTCAw V() s
i=1 i=1
where:
WD car = Calculated acceleration time history.
V() s = Observed acceleration time history.
V(t) = Calculated displacement time history.
V(t) s = Observed displacement time history.
N = Number of sample points.
w = Weighting parameter between zero and one.

The values of the calculated acceleration and displacement time histories are a function of the model
parameters o,f,y,®,{. Our goal is to find a set of parameters aj,Bj,yj,coj,Cj which make the

objective function a global minimum:

Vnin = W(2:B,,7,,0,,6) (5-2)

The direct search algorithm proposed by Hooke and Jeeves (Hooke and Jeeves, 1961) was used to
find the optimal parameters a., ﬁj,yj , mj,Cj. The Hooke and Jeeves’s search is started at some initial
point x,=x(ag,By,Yy0e0o) - As is the case with most optimization problems, it is advantageous to

choose the initial point in the space as close to the true solution as possible.
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5.2 Numerical Procedure

A computer program was generated to solve for the parameters which minimize the objective function
v . This program optimizes the parameters by comparing the calculated time histories with those
which were obtained from full scale quick-release tests. The generalized Ramberg-Osgood and
bilinear models are used for calculating the theoretical response, since the bilinear model is a special
case for the Ramberg-Osgood model. Its solution was obtained by assigning a large number to the
parameter y in the generalized Ramberg-Osgood model. We assume that the mass of the SDOF can
be independently determined and the initial displacement can be measured directly during the test.
For the generalized Ramberg-Osgood model, there are five independent variables to be optimized.
(a,B,7,0,8) . For the bilinear model, there are only four variables (a,B,0,) because vis fixed af alarge
number. Computational experiénce has shown that y =20 is large enough to simulate the bilinear
model. The three parameters «, B, @ are connected to the five physical parameters A , Ay,Kl.,K M

through equations (3-4), (3-5) and (3-15).

The total damping effects of have been separated into two parts. The most significant damping in the
system is caused by the hysteretic behavior of the isolators. The viscus damping, which causes the
amplitude decay in the latter part of the time histories, has been defined by an independent parameter
C. To determine all five physical parameters, we must know any two of them in advance. We assume
the mass M and the initial displacement A can be determined independently. In the solution
proposed here, we use both the observed accelerogram and the observed displacement time history

to define the objective function in order to find the optimized solution.

The objective function we used is the summation of the displacement term and the acceleration term
as shown in equation (5-1). Each term is defined by the sum of the square of differences between the
calculated and observed time histories. In the case where the displacement time history is not
available, we then substitute the displacement term with the square of differences between the
calculated and observed permanent displacement weighted by the number of samples as mentioned
above. We have found that the displacement term is necessary to fit the calculated permanent offset

to the observed one. A step-by-step integration method (Clough and Penzien, 1976) is used to

26



calculate the theoretical time histories.

An example using the method is shown in figure 5-1. In this case we used a fictitious problem. First
we generated a solution to a nonlinear SDOF system using the generalized Ramberg-Osgood
hysteretic propérties shown in the middle line of the table. In this case, the o,B and © terms are
derived from the implied backbone bilinear hysteretic curve in figure 4-3 associated with the
Ramberg-Osgood model having a power term y =2.5 which was chosen for this example. We then
used the optimization procedure to find the solution indicated in the third line of the table in figure |
5-1. The initial values used to begin the optimization process are shown in line one of the table. The
weighting factor w used in the objective function (4-1) was 0.5. The optimized solution is plotted
as the solid line and the data to which it is being fit is the dashed line. The agreement between the
calculated results and the “fictitious” data is excellent as can be seen in the top two subfigures. The
Ramberg-Osgood force-displacement hysteretic curve that was found from the optimization process

is shown in the lower subfigure of figure 5-1.

We also conducted a parameter study to see if the algorithm is robust for the range of parameters
representing real isolation bearings. Clear limiting cases are represented by the B = 1 case which means
that the system always remains elastic, and the other limiting case of B =0. The =0 case represents
the elasto-plastic case or the case of a bearing with infinite initial stiffness. For these cases, the
algorithm we used breaks down. These are not serious limitations for the practical problem of real
bridges isolated with lead-rubber bearings. For all cases we tried where 0.025<B<0.4, 1.5<a<40
the algorithm is robust and solution can be found. A total of 400 cases were studied in this parameter

investigation.
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Figure 5-1 An Example for Parameter Identification
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5.3  Parameter Identification Using Data from Full Scale Quick-Release Tests
Conducted by University of California at Berkeley

In 1995 a full scale quick-release field tests for a seismically isolated bridge was carried out by the

University of California at Berkeley. A detailed report was published by Gilani and others (Gilani

et. al. 1995). The bridge tested is a four span seismically isolated viaduct in Walnut Creek, California.

The deck system is isolated from the bents by 15 twenty-five cm (10 inch) high lead-rubber bearings.

A sequence of field tests including individual column quick-release tests, forced vibration tests and
longitudinal quick-release tests of viaduct were conducted. Figure 5-2 shows the schematic of the
viaduct deck. Figure 5-3 shows the acceleration and displacement time histories recorded on the
viaduct during the quick release test which we used to estimate the hysteretic characteristics of the
total isolation bearing system. The top curve is original acceleration time history whiéh is dominated
by a high frequency signal which is the longitudinal vibration mode of the superstructure (Gilani et.
Al., 1995). A second order low-pass Butterworth filter was utilized to remove much of the high
frequency contents. The phase shift caused by the filter processing was minimized by filtering the
acceleration time history two times, once in the forward direction once in the backward direction.
The middle curve in figure 5-3 shows the filtered acceleration time history. Comparing to the top
curve in figure 5-3 we can see that the high frequency signal can be removed significantly by the low

pass filter. The bottom curve in figure 5-3 is the displacement time history recorded during the test.

Figure 5-4 shows the optimization result using the generalized Ramberg-Osgood model, and figure
5-5 shows the optimization result using the bilinear model. By comparing the parameters obtained
by both models in figures 5-4 and 5-5 we see that the bilinear and the generalized Ramberg-Osgood
mode] give similar results. In figure 5-6, the triangle symbols show the experimental load deflection
curve measured by Gilani et al. (1995) during the loading sequence for their structure. The dashed
lines show the bilinear load deflection that Gilani et al. (1995) estimated from laboratory tests they
conducted on the isolation bearings prior to their installation in the bridge. This curve was obtained
by summing the load deflection curves of all the bearings installed in the bridge, and thus represents

the total stiffness of the isolation system. The solid line bilinear force deflection relation shown in the
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figure represents the result we obtained by using the bilinear hysteretic model in our optimization
calculations. This was generated from the solution shown in figure 5-5. Finally, the dot dashed curve
represents the backbone generalized Ramberg-Osgood curve we generated from the optimization

procedure, which was obtained from the results shown in figure 5-4.

The range of the viscus damping ratio we estimate for this problem is 5.6% to 8.4% depending upon
whether we use the Ramberg-Osgood model or the bilinear hysteretic model. Gilani and others (1995)
determined that viscus damping ratio was 7% in good agreement with our result. We find that the
natural frequency of the system in the elastic regime to be between 1.74 Hz and 1.97 Hz as
determined by the bilinear and Ramberg-Osgood models respectively. It should be noted ‘that the
estimate of natural frequencies obtained from the bilinear model is probably more accurate than that
from the Ramberg-Osgood Model. This is so because the Ramberg-Osgood natural frequency is that
computed from the initial slope of the force deflection curve, while the bilinear model generate an
“average” straight line initial slope from which the natural frequency is calculated. If one computes
the natural frequency in the “elastic tail” of the Ramberg-osgood computation one finds that the
natural frequency is 1.8 Hz which is smaller than the 1.91 Hz estimated from the initial stage. And

it is in better agreement with the 1.74 Hz estimated from the bilinear model.

TABLE 5-1 Summary of the Optimization Results Using
UC Berkeley’s Quick-Release Data

Total Final Ductility | Stiffness | Power Elastic Viscous
Models | Mass Disp. Ratio Ratio Factor | Frequency | Damping
(Ton) | (cm) (@) () @) (0/27, Hz) ©
Bilinear | 1723.6 2.14 14.71 0.13 50 1.74 8.4%
(fixed)
amberg-| 1723.6 2.14 14.49 0.08 1.08 1.91 5.6%
Osgood

Finally, it should be noted that our results underestimate the experimental field result for the force

deflection curve in figure 5-6. It is our opinion that this is due to the fact that the hydraulic jack
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pressure dropped from 50 MPa to 35 MPa during the 30-40 minutes proceeding the time when the
structure was quick-released. This allowed the strain energy stored in the bearings to decay just prior
to the quick-release. The optimization results for both bilinear model and Ramberg-Osgood model

are summarized in Table 5-1.

5.4 Parameter Identification Using Data from State University of New York at Buffalo

Another quick-release field test was carried out in 1994 at the National Center for Earthquake
Engineering at the State University of New York at Buffalo. A detailed description for this test is
given by Wendichansky (1995, 1996). The tests were carried out on a pair of seismically isolated
highway bridges (one southbound and one northbound) over Cazenovia Creek in New York State.
Both bridges are typical three span slab on girder bridges with a small skew angle of about 10
degrees. A series of different tests were conducted on the bridges. As an example, we selected the
time histories recorded from a quick-release test on southbound bridge in the transverse direction.
Figure 5-7 shows the bridge elevation and section and the instrumentation locations for the data used
~ in our optimization. Figures 5-8 through 5-9 show the displacement and acceleration time histories
measured at the piers at the points shown in figure 5-7. These records contain a small amount of
twisting of the deck. We reduced the effect of the twisting component by averaging the time histories
measured on the north and south piers. Figure 5-10 shows the averaged acceleration and displacement
time histories respectively. Strictly speaking, the superposition method is not valid for a nonlinear
problem, but we used the averaging process because the twisting component is small compared to the

transverse motion.

Two different types of bearings were installed on the bridge. Rubbér bearings having low energy
dissipation characteristics were installed over the two piers while high damping lead-rubber bearings
were installed at the abutments. By using the technique presented in herein, only the hysteretic
properties of the total isolation system consisting of all the bearings can be obtained. Figure 5-11
shows the optimization results using the generalized Ramberg-Osgood model. Figure 5-12 shows the

optimization results using bilinear model. In both cases we used the averaged acceleration and the
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displacement time histories as showing in figure 5-10. The averaged acceleration time history- used
in both case was filtered two times, once in the forward direction and once in the reverse direction
using a second order low pass Butterworth Filter. The weighting factor w in the objective function
(4-1) was taken to be 0.5 for both cases. Due to the twisting motion and the flexural deformation of
the superstructure, the acceleration time history does not represent a single degree of freedom
response at the beginning of the record. The twisting component of the superstructure can be seen by
calculating the difference of the acceleration and displacement time histories measured at the north
and south piers. It was found that the twisting motion is concentrated in the first one second of the
signal and dies down rapidly thereafter. In the first second of the displacement record, the amplitudes
of the twisting component of is about two percent of the amplitude of the transverse component. In
this same initial time interval, the amplitudes of twisting component of the acceleration time history
is about 25 percent of the transverse component. Therefore the first 1 second of accelerogram was
ignored during the calculation of objective function (4-1) to remove the contamination by the twisting
component. In figures 5-11 and 5-12 the optimized solution can be seen to fit the displacement and

acceleration time history quite well except at the initial part of the acceleration record.

In the table in figure 5-11 the numerical values of the generalized Ramberg-Osgood model which
were obtain are listed. The initial release displacement was 7.4 times the nominal yield displacement
of the implied bilinear model associated with the Ramberg-Osgood model. The stiffness K, was
found to be 16% of K; and the natural frequency of the elastic vibrations was 1.86 Hz. This compares
reasonably with (1.96 Hz) found by Wendichansky (1996) using the Fourier spectrum of the elastic
portion of the acceleration time histories. The viscous damping ratio we found were 8.2% for bilinear
model and 6.7% for Ramberg-Osgood model. Using the logarithm decrement method. Wendichansky
(1996) found the average value of the damping ratio for the third and fourth cycles of the
displacement time histories at the north and south abutment to be 8%, which compares well with our

result for the bilinear model. The optimization results are summarized in Table 5-2.

In Table 5-2, the total mass was estimated by calculating the weight of steel girders and deck. The

permanent displacement was obtained by averaging the residual displacements recorded at the north
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and south piers which was given by Wendichansky (Table 2-IX, Wendichansky, 1996). We have
found that the permanent displacement is a very important value for our optimization method. The

power factor for bilinear model was fixed at 50.

TABLE 5-2 Summary of the Optimization Results
Using NCEER Quick-Release Testing Data

Total Final Ductility | Stiffness | Power Elastic Viscous
Models | Mass Disp. Ratio Ratio Factor | Frequency | Damping
(Ton) (cm) (a) (B) ) (027, Hz) © |
Bilinear | 689 0.406 8.31 0.21 50 1.72 8.2%
(fixed)
amberg-| . 689 0.406 74 0.16 1.34 1.86 6.7%
Osgood

The bottom subfigure of figure 5-11 shows the load- displacement curve for the generalized Ramberg-
Osgood model defined by the parameters given in the table in the figure 5-11. Figure 5-13 shows the
total force displacement relationship constructed from laboratory test data (Wendichansky, 1996)
obtained for the individual bearings prior to their installation in the bridge. To construct the curve
represented by the solid line in the figure we summed the hysteretic loops obtained from these
laboratory tests for both types of bearings which were installed in the bridge to generate the composite
hysteretic loop shown in figure 5-13. We then generated the dashed line hysteretic loop from the
model we obtained in figure 5-11 using the actual field test data. The agreement between the two is

good.



Force (KN)

Averaged

2000

1000

o 2 4 6

Displacement (cm)

Figure 5-13 Comparison the Hysteretic Loops Between the Optimization Results
and Laboratory Tests

45






SECTION 6

CONCLUSIONS

Based upon the two examples presented in this report, we have shown that quick-release field test
data can be used to accurately extract the nonlinear hysteretic properties of seismically isolated
bridges by using nonlinear SDOF models. Quick-release field test data was successfully used in
conjunction with an optimization algorithm discussed in the report to identify the in-situ hysteretic
properties of the isolated bridge system as well as the viscous damping coefficient and the

fundamental frequency of the system during the elastic part of the response regime.

In order to implement the method, the dynamic mass of the system must be obtained by independent
means from the construction drawings and field observations. In addition, both the acceleration and
displacement time history responses must be measured. The high frequency content of the

accelerogram contributed by the higher modes can be filtered out using a lowpass filter.

The generalized Ramberg-Osgood hysteretic rule was found to be an effective efficient nonlinear
constitutive relationship for the purpose of investigating the SDOF behavior of bridges isolated with
combinations of rubber and lea;i—rubber bearings. It is convenient because either the generalized
Ramberg-Osgood rule or the bilinear hysteretic rule can be chosen for use in the analytical model by
simply changing the power parameter of the rule. The final slope of the implied bilinear rule is taken
to be the same as that of the Ramberg-Osgood rule when the displacement is infinity. This is not the
same as the bilinear rule usually used by designers. The more usual design bilinear rule is generated
by requiring that the area under the experimental hysteretic loops for the bearings be the same as the
that obtained from the test data. This gives a different initial slope than the implied bilinear rule
associated with the Ramberg-Osgood relationship. It should be noted that a “design” bilinear rule can
be constructed from the generalized Ramberg-Osgood rule once it has been obtained from the quick

release field data.
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A.G. Ayala and M.J. ORourke, 3/8/89, (PB89-207229, A06, MF-AQ1).

"NCEER Bibliography of Earthquake Education Materials," by K.EK. Ross, Second Revision, 9/1/89,
(PB90-125352, A0S, MF-A01). This report is replaced by NCEER-92-0018.

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
Part I - Modeling," by S.K. Kunnath and A M. Reinhorn, 4/17/89, (PB90-114612, A07, MF-A01).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648, A15,
MF-A01). _

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885, A06, MF-A01).

"Program EXKAL2 for Identification of Structural Dynamic Systems," by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-A01).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhorn, J.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89,
to be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis," by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893, A03, MF-AQ1).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools," Edited by K.E.K. Ross, 6/23/89, (PB90-108606, A03, MF-AQ1).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895, A012, MF-A02). This report is available only
through NTIS (see address given above).

*Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory
Energy Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146, A04, MF-AO1).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936, A06, MF-A01). This report
has been replaced by NCEER-93-0011.

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445, A04, MF-AQ1).

*Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437, A03, MF-A01).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and M.J.
ORourke, 8/24/89, (PB90-162322, A10, MF-AQ2).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424, A03, MF-AO1).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169, A04, MF-A01).

Formerly the National Center for Earthquake Engineering Research A6 -



NCEER-89-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

NCEER-89-0030

NCEER-89-0031

NCEER-89-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89%-0036

NCEER-89-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-89-0041

NCEER-90-0001

Formerly the National Center for Earthquake Engineering Research

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Ana1y51s - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944, A07, MF-AO1). This report is available only
through NTIS (see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection," by
AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173246, A10, MF-A02).

“Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.X. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699, A07, MF-A01).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures," by HHM.
Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633, A05, MF-AO1).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes,” by H-HM. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330, A04, MF-A01).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems,” by Y. Q Chen and T.T.
Soong, 10/23/89, (PB90-164658, A08, MF-A01).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951 A04, MF-A01).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. ORourke and M. Hamada, 12/1/89,
(PB90-209388, A22, MF-A03).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,"” by J.M. Bracci,
AM. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89, (PB91-108803, A06, MF-AO1).

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865, A0S, MF-A01).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-A01).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (PB90-208455, A04, MF-A01).

*A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang, -
7/15/89, (PB90-164294, A03, MF-A01).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping," July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923, A04, MF-A01).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887, A06, MF-AO1).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction," by K. Weissman, Supervised by J.H.
Prevost, 5/10/89, (PB90-207879, A07, MF-A01).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943, A07, MF-AQ1).

“Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco," by
T.D. ORourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596, A05, MF-A01).
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NCEER-90-0018

NCEER-90-0019

Formerly the National Center for Earthquake Engineering Research

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976, A07, MF-AQ1).

"Earthquake Education Materials for Grades K-12," by KEK. Ross, 4/16/90, (PB91-251984, A05, MF-
AQ5). This report has been replaced by NCEER-92-0018.

"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984,
A0S, MF-AQ1).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),"
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062, A04, MF-AQ1).

*Seismic Hazard Along a Crude Qil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,”
by HHH.M. Hwang and C-H.S. Chen, 4/16/90, (PB90-258054, A04, MF-AO1).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by HH.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811, A05, MF-A01).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. ORourke, T. ORourke and M. Shinozuka, 5/25/90, (PB91-108837, A06, MF-AQ1).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829, A04, MF-A0Q1).

"Active Isolation for Seismic Protection of Operating Rooms,” by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205, A0S, MF-A01).

"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A08, MF-A01).

"Two-Dimensiona! Two-Phase Elasto-Plastic Seismic Response of Earth Dams,” by AN. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197, A13, MF-AQ2).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90, (PB91-
110320, A0S, MF-A01).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795, Al11, MF-A02).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393, A04, MF-A0Q1). .

"Instantaneous Optimal Control with Acceleration and Velocity Feedback," by JN. Yang and Z. Li,
6/29/90, (PB91-125401, A03, MF-A01).

/

"Reconnaissance Report on the Northemn Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377, A03, MF-AQ1).

"Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/90, (PB91-125427, A09, MF-AO01).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation

System," by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385, A06, MF-A01).
This report is available only through NTIS (see address given above).

A8 -



NCEER-90-0020
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NCEER-90-0022

NCEER-90-0023
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NCEER-90-0028

NCEER-90-0029
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NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0005

NCEER-91-0006

NCEER-91-0007

Formerly the National Center for Earthquake Engineering Research

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with a
Spherical Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419, A0S,

MF-A01).

"Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381, A0S, MF-AQ1).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures," by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322, A06, MF-A01).

"Study of Site Response at a Selected Memphis Site,"” by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857, A03, MF-AQ1).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272, AC3, MF-AO01).

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A .H.-S. Ang, 10/30/90, (PB91-170399, A09, MF-A01).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters,” by S. Rédriguez-Gomez
and E. DiPasquale, 9/30/90, (PB91-171298, A04, MF-AO1).

"SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez, Y.S.
Chung and C. Meyer, 9/30/90, (PB91-171280, A05, MF-A01).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561, A06, MF-AQ1).

"Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.S. Lee, KW. Ng and
T.S. Chang, 8/2/90, (PB91-190751, A0S, MF-AQ1).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. ORourke and M.
Hamada, 2/1/91, (PB91-179259, A99, MF-A04).

"Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242, A04, MF-A01).

"Seismic Response of Single Piles and Pile Groups," by K. Fan and G. Gazetas, 1/10/91, (PB92-174994,
A04, MF-A01).

"Damping of Structures: Part 1 - Theory of Complex Damping," by Z. Liang and G. Lee, 10/10/91, (PB92-
197235, A12, MF-A03). ’

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL," by S.
Nagarajaiah, A M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553, A07, MF-A01). This report
has been replaced by NCEER-93-0011.

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364, A04, MF-AQ1).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for

Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930, A08, MF-AQ1).
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NCEER-91-0008

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011
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NCEER-91-0013

NCEER-91-0014

NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

NCEER-91-0018

NCEER-91-0019

NCEER-91-0020

NCEER-91-0021

NCEER-91-0022

NCEER-91-0023

NCEER-91-0024

NCEER-91-0025

Formerly the National Center for Earthquake Engineering Research

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828, A05, MF-AQ1).

"Earthquake Education Materials for Grades K-12," by K.EK. Ross, 4/30/91, (PB91-212142, A06, MF-
AO1). This report has been replaced by NCEER-92-0018.

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356, A04, MF-AO1).

*Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648, A06, MF-A02).

“Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers," by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816, A05, MF-A01).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modehng," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures," by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885, A09, MF-A02).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures," by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602, A11, MF-A03).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by HR.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15/91, (PB92-129980, AQ7, MF-AQ2).

“Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB92-222447, A06, MF-A02).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB93-116630, A08, MF-AQ2).

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. Wu,
7/31/91, to be published.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems,” by JN. Yang, Z. Li and A.
Danielians, 8/1/91, (PB92-143171, A06, MF-A02).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742, A06,
MF-AQ2).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers,” by K.E K. Ross and F. Winslow, 7/23/91, (PB92-129998, A12,
MF-A03).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235, A09, MF-A02).

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577, A18, MF-A04).

"Probabilistic Evaluation of quuefactxon Potential," by HH.M. Hwang and C.S. Lee," 11/25/91, (PB92-
143429, A0S, MF-AQ1).
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"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
JN. Yang and Z. Li, 11/15/91, (PB92-163807, A04, MF-A01). ‘

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A.
Kartoum, A M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973, A10, MF-A03).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case
Studies," Edited by M. Hamada and T. ORourke, 2/17/92, (PB92-197243, A18, MF-A04).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. ORourke and M. Hamada, 2/17/92, (PB92-1 97250, A20, MF-A04).

"Issues in Earthquake Education," Edited by K. Ross, 2/3/92, (PB92-222389, AQ7, MF-AQ02).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by LG. Buckle, 2/4/92, (PB94-142239, A99, MF-A06). :

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201, A04, MF-
AOD). : .

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction," by
M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421, A13, MF-A03).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States,” by C.D.
Poland and J.O. Malley, 4/2/92, (PB92-222439, A20, MF-A04).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282, A06, MF-AQ2).

"Seismic Resistance of Slab-Column Comnections in Existing Non-Ductile Flat-Plate Buildings," by A.J.
Durrani and Y. Du, 5/18/92, (PB93-116812, A06, MF-A02).

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under

Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be

published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades,

"M.C. Constantinou and A. M. Reinhorn, 5/20/92, (PB93-116655, A08, MF-A02).

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting
and F.A. Cozzarelli, 5/26/92, (PB93-116663, A0S, MF-AO01).

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J. ORourke,
and C. Nordberg, 6/15/92, (PB93-116671, A08, MF-A02).

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by M.
Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496, A0S, MF-AQ1). -

' "Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and

Detailing Strategies for Improved Seismic Resistance," by G.W. Hoffmann, S.K. Kunnath, AM. Reinhom
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).
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NCEER-92-0032

"Observations on Water System and Pipeline Performance in the Limén Area of Costa Rica Due to the
April 22, 1991 Earthquake," by M. ORourke and D. Ballantyne, 6/30/92, (PB93-126811, A06, MF-A02).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.EK. Ross, 8/10/92,
(PB93-114023, A07, MF-A02).

"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction," Edited by M. Hamada and T.D. ORourke, 8/12/92, (PB93-
163939, A99, MF-E11).

"Active Bracing System: A Full Scale Implementation of Active Control," by A.M. Reinhorn, T.T. Soong,
R.C.Lin, MA. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512, A06, MF-A(2).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads," by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241, A06, MF-AQ2).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
AM. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-A(2).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. ORourke and R. Flores-Berrones, 9/9/92, (PB93-150266,
A08, MF-A02). '

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests," by A. Beres, RN. White and P. Gergely,
9/30/92, (PB93-227783, A05, MF-A01).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings," by A. Beres, S. El-Borgi, RN. White and P. Gergely, 10/29/92, (PB93-227791,
A05, MF-AO1). ‘

"A Generalization of Optimal Control Theory: Linear and Nonlinear Structures,” by J.N. Yang, Z. Li and S.
Vongchavalitkul, 11/2/92, (PB93-188621, A05, MF-AO1).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Design and Properties of a One-Third Scale Model Structure,” by J.M. Bracci, A M. Reinhorn and J.B.
Mander, 12/1/92, (PB94-104502, A0S, MF-A02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages," by L.E. Aycardi, J.B. Mander and A.M. Reinhorn, 12/1/92,
(PB94-104510, A08, MF-A02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part III -
Experimental Performance and Analytical Study of a Structural Model," by J.M. Bracci, A.M. Reinhorn and
J.B. Mander, 12/1/92, (PB93-227528, A09, MF-AQ1).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part I - Experimental
Performance of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhorn, 12/8/92,
(PB93-198307, A07, MF-A02).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part H - Experimental
Performance and Analytical Study of a Retrofitted Structural Model," by J.M. Bracci, A M. Reinhorn and
J.B. Mander, 12/8/92, (PB93-198315, A09, MF-A03).

"Experimental and Analytical Investigation of Seismic Response of Structures with Supplemental Fluid
Viscous Dampers," by M.C. Constantinou and M.D. Symans, 12/21/92, (PB93-191435, A10, MF-A03).
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"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB93-188621, A03, MF-A01).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City," by H. Gavin, 8.
Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/92, (PB93-188217, A07, MF-A02).

"An Experimental Study on the Seismic Performance of Brick-Infilled Steel Frames With and Without
Retrofit," by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, A07, MF-A02).

"Social Accounting for Disaster Preparedness and Recovery Planning," by S. Cole, E. Pantoja and V. Razak,
2/22/93, (PB94-142114, A12, MF-AQ3).

"Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions," by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PB93-188639, A06, MF-A02).

"Evaluation of Static and Response Spectrum Analysis Procedures of SEAOC/UBC for Seismic Isolated
Structures,” by C.W. Winters and M.C. Constantinou, 3/23/93, (PB93-198299, A10, MF-A03).

"Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake Science and
Safety for Educators,” edited by K.E.K. Ross, 4/2/93, (PB94-103066, A09, MF-A02).

"Inelastic Response of Reinforced Concrete Structures with Viscoelastic Braces," by R.F. Lobo, JM.
Bracci, K.L. Shen, AM. _Reinhom and T.T. Soong, 4/5/93, (PB93-227486, A05, MF-A02).

"Seismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar,
T.T. Soong, K.L. Shen, J.A. HoLung and Y K. Lin, 4/12/93, (PB93-198299, A07, MF-AQ2).

"Retrofit of Reinforced Concrete Frames Using Added Dampers," by A. Reinhorn, M. Constantinou and C.
Li, to be published.

"Seismic Behavior and Design Guidelines for Steel Frame Structures with Added Viscoelastic Dampers,"
by K.C. Chang, M.L. Lai, T.T. Soong, D.S. Hao and Y.C. Yeh, 5/1/93, (PB94-141959, A07, MF-A(Q2).

*Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers," by J.B. Mander, S.M. Waheed,
M.T.A. Chaudhary and S.S. Chen, 5/12/93, (PB93-227494, A08, MF-A02).

"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base
Isolated Structures,” by S. Nagarajaiah, C. Li, AM. Reinhorn and M.C. Constantinou, 8/2/93, (PB%4-
141819, A09, MF-AQ2). :

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water," by O.J. Helweg and HHM.
Hwang, 8/3/93, (PB94-141942, A06, MF-A02).

"Simplified Procedures for Seismic Design'of Nonstructural Components and Assessment of Current Code
Provisions," by M.P. Singh, L.E. Suarez, E.E. Matheu and G.O. Maldonado, 8/4/93, (PB94-141827, A09,
MF-A02).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems," by G. Chen and T.T. Soong,
8/6/93, (PB94-142767, Al11, MF-A03).

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake," Edited by F.E. Winslow and K.EK. Ross, 8/16/93, (PB94-
154275, A16, MF-A02).
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"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October 12, 1992
Dahshur Earthquake," by D. Sykora, D. Look, G. Croci, E. Karaesmen and E. Karaesmen 8/19/93, (PB9%4-
142221, AO8, MF-AQ2).

"The Island of Guam Earthquake of August 8, 1993," by S.W. Swan and S.K. Harris, 9/30/93, (PB94-
141843, A04, MF-AQ1).

"Engineering Aspects of the October 12, 1992 Egyptian Earthquake," by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/7/93, (PB94-141983, A05, MF-A01).

"Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing," by
L Krstelj, Supervised by J.H. Prevost, 10/23/93, (PB94-181773, A-10, MF-A03).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS),” by M.C. Constantinou, P.
Tsopelas, Y-S. Kim and S. Okamoto, 11/1/93, (PB94-142775, A08, MF-A02).

"Finite Element Modeling of Elastomeric Seismic Isolation Bearings,” by L.J. Billings, Supervised by R
Shepherd, 11/8/93, to be published.

"Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences," by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93, (PB94-181765, A16, MF-A03).

"Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthorn, 12/23/93,
(PB94-181500, A07, MF-A01).

"An Evaluation of Seismic Serviceability of Water Supply Networks with Application to the San Francisco
Auxiliary Water Supply System," by I. Markov, Supervised by M. Grigoriu and T. ORourke, 1/21/94,
(PB94-204013, A07, MF-A02).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers,” Volumes I and II, by P. Tsopelas, S. Okamoto, M.C. Constantinou, D. Ozaki
and S. Fujii, 2/4/94, (PB94-181740, A09, MF-A02 and PB94-181757, A12, MF-A03).

"A Markov Model for Local and Global Damage Indices in Seismic Analysis," by S. Rahman and M.
Grigoriu, 2/18/94, (PB94-206000, A12, MF-A03).

"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P. Abrams,
3/1/94, (PB94-180783, A07, MF-A02). 3

"The Northridge, California Earthquake of January 17, 1994: General Reconnaissance Report,” edited by
J.D. Goltz, 3/11/94, (PB193943, A10, MF-A03).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I - Evaluation of Seismic
Capacity," by G.A. Chang and J.B. Mander, 3/14/94, (PB94-219185, A11, MF-A03).

"Seismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems," by T.M. Al-
Hussaini, V.A. Zayas and M.C. Constantinou, 3/17/94, (PB193745, A09, MF-A02).

"The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
LG. Buckle, 3/24/94, (PB94-193851, A06, MF-A02).

"Proceedings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges," edited by
L.G. Buckle and I Friedland, 3/31/94, (PB94-195815, A99, MF-A06).
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"3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and
Multiple Structures and Liquid Storage Tanks," by P.C. Tsopelas, M.C. Constantinou and A.M. Reinhorn,
4/12/94, (PB94-204922, A09, MF-A02). .

"The Northridge, California Earthquake of January 17, 1994: Performance of Gas Transmission Pipelines,"
by T.D. ORourke and M.C. Palmer, 5/16/94, (PB94-204989, A0S, MF-A01).

"Feasibility Study of Replacement Procedures and Earthquake Performance Related to Gas Transmission
Pipelines," by T.D. ORourke and M.C. Palmer, 5/25/94, (PB94-206638, A09, MF-A02).

"Seismic Energy Based Fatigne Damage Analysis of Bridge Columns: Part I - Evaluation of Seismic
Demand," by G.A. Chang and J.B. Mander, 6/1/94, (PB95-18106, A08, MF-A02).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Sliding Bearings and Fluid Restoring
Force/Damping Devices," by P. Tsopelas and M.C. Constantinou, 6/13/94, (PB94-219144, A10, MEF-A03).

"Generation of Hazard-Consistent Fragility Curves for Seismic Loss Estimation Studies," by H. Hwang and
J-R. Huo, 6/14/94, (PB95-181996, A09, MF-A02).

"Seismic Study of Building Frames with Added Energy-Absorbing Devices," by W.S. Pong, C.S. Tsai and
G.C. Lee, 6/20/94, (PB94-219136, A10, A03). ,

"Sliding Mode Control for Seismic-Excited Linear and Nonlinear Civil Engineering Structures,” by J. Yang,
J. Wu, A. Agrawal and Z. Li, 6/21/94, (PB95-138483, A06, MF-A02).

"3D.BASIS-TABS Version 2.0: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional
Base Isolated Structures," by A.M. Reinhorn, S. Nagarajaiah, M.C. Constantinou, P. Tsopelas and R. Li,
6/22/94, (PB95-182176, A08, MF-A02). '

"Proceedings of the International Workshop on Civil Infrastructure Systems: Application of Intelligent
Systems and Advanced Materials on Bridge Systems," Edited by G.C. Lee and K.C. Chang, 7/18/94,
(PB95-252474, A20, MF-A04).

"Study of Seismic Isolation Systems for Computer Floors," by V. Lambrou and M.C. Constantinou, 7/19/94,
(PB95-138533, A10, MF-A03).

"Proceedings of the U.S.-Italian Workshop on Guidelines for Seismic Evaluation and Rehabilitation of
Unreinforced Masonry Buildings," Edited by D.P. Abrams and G.M. Calvi, 7/20/94, (PB95-138749, Al3,
MF-A03).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Lubricated PTFE Sliding Bearings and Mild
Steel Dampers," by P. Tsopelas and M.C. Constantinou, 7/22/94, (PB95-182184, A08, MF-A02).

“Development of Reliability-Based Design Criteria for Buildings Under Seismic Load,” by Y.X. Wen, H.
Hwang and M. Shinozuka, 8/1/94, (PB95-211934, A08, MF-A02). A

“Experimental Verification of Acceleration Feedback Control Strategies for an Active Tendon System,” by
S.J. Dyke, BF. Spencer, Jr., P. Quast, MK. Sain, D.C. Kaspari, Jr. and T.T. Soong, 8/29/94, (PB9S-
212320, A0S, MF-AQ1).

“Seismic Retrofitting Manual for Highway Bridges,” Edited by LG. Buckle and LF. Friedland, published by
the Federal Highway Administration (PB95-212676, A15, MF-A03).
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“Proceedings from the Fifth U.S.-Japan Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures Against Soil Liquefaction,” Edited by T.D. O’Rourke and M. Hamada, 11/7/94,
(PB95-220802, A99, MF-E08). .

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part 1 - Fluid Viscous Damping Devices,” by A.M. Reinhorn, C. Li and M.C. Constantinou, 1/3/95, (PB95-
266599, A09, MF-A02).

“Experimental and Analytical Study of Low-Cycle Fatigue Behavior of Semi-Rigid Top-And-Seat Angle
Connections,” by G. Pekcan, J.B. Mander and S.S. Chen, 1/5/95, (PB95-220042, A07, MF-A02).

“NCEER-ATC Joint Study on Fragility of Buildings,” by T. Anagnos, C. Rojahn and A.S. Kiremidjian,
1/20/95, (PB95-220026, A06, MF-A02).

“Nonlinear Control Algorithms for Peak Response Reduction,” by Z. Wu, T.T. Soong, V. Gattulli and R.C.
Lin, 2/16/95, (PB95-220349, A05, MF-A01).

“Pipeline Replacement Feasibility Study: A Methodology for Minimizing Seismic and Corrosion Risks to
Underground Natural Gas Pipelines,” by R.T. Eguchi, H.A. Seligson and D.G. Honegger, 3/2/95, (PB95-

- 252326, A06, MF-A02).

“Evaluation of Seismic Performance of an 11-Story Frame Building During the 1994 Northridge
Earthquake,” by F. Naeim, R. DiSulio, K. Benuska, A. Reinhorn and C. Li, to be published.

“Prioritization of Bridges for Seismic Retrofitting,” by N. Bas6z and A.S. Kiremidjian, 4/24/95, (PB95-
252300, A0S, MF-AQ2).

“Method for Developing Moﬁon Damage Relationships for Reinforced Concrete Frames,” by A. Singhal
and A.S. Kiremidjian, 5/11/95, (PB95-266607, A06, MF-A02).

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part II - Friction Devices,” by C. Li and A M. Reinhomn, 7/6/95, (PB96-128087, A11, MF-A03).

“Experimental Performance and Analytical Study of a Non-Ductile Reinforced Concrete Frame Structure
Retrofitted with Elastomeric Spring Dampers,” by G. Pekcan, J.B. Mander and S.S. Chen, 7/14/95, (PB96-
137161, A08, MF-A02).

“Development and Experimental Study of Semi-Active Fluid Damping Devices for Seismic Protection of
Structures,” by M.D. Symans and M.C. Constantinou, 8/3/95, (PB96-136940, A23, MF-A04).

“Real-Time Structural Parameter Modification (RSPM): Development of Innervated Structures,” by Z.
Liang, M. Tong and G.C. Lee, 4/11/95, (PB96-137153, A06, MF-A0Q1).

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping;
Part IIT - Viscous Damping Walls,” by A.M. Reinhorn and C. Li, 10/1/95, (PB96-176409, A11, MF-A03).

“Seismic Fragility Analysis of Equipment and Structures in a Memphis Electric Substation,” by J-R. Huo
and HH.M. Hwang, (PB96-128087, A09, MF-A02), 8/10/95.

“The Hanshin-Awaji Earthquake of January 17, 1995: Performance of Lifelines,” Edited by M. Shinozuka,
11/3/95, (PB96-176383, A15, MF-A03).

“Highway Culvert Performance During Earthquakes,” by T.L. Youd and C.J. Beckman, available as
NCEER-96-0015.
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“The Hanshin-Awaji Earthquake of January 17, 1995: Performance of Highway Bridges,” Edited by L.G.
Buckle, 12/1/95, to be published.

“Modeling of Masonry Infill Panels for Structural Analysis,” by AM. Reinhorn,— A. Madan, RE. Valles, Y.
Reichmann and J.B. Mander, 12/8/95.

“Optimal Polynomial Control for Linear and Nonlinear Structures,” by AK. Agrawal and JN. Yang,
12/11/95, (PB96-168737, AQ7, MF-AQ2).

“Retrofit of Non-Ductile Reinforced Concrete Frames Using Friction Dampers,” by R.S. Rao, P. Gergely
and R.N. White, 12/22/95, (PB97-133508, A10, MF-A02).

“Parametric Results for Seismic Response of Pile-Supported Bridge Bents,” by G. Mylonakis, A. Nikolaou
and G. Gazetas, 12/22/95, (PB97-100242, A12, MF-A03).

“Kinematic Bending Moments in Seismically Stressed Piles,” by A. Nikolaou, G. Mylonakis and G.
Gazetas, 12/23/95. :

“Dynamic Response of Unreinforced Masonry Buildings with Flexible Diaphragms,” by A.C. Costley and
D.P. Abrams,” 10/10/96.

“State of the Art Review: Foundations and Retaining Structures,” by I. Po Lam, to be published.

“Ductility of Rectangular Reinforced Concrete Bridge Columns with Moderate Confinement,” by N.
Wehbe, M. Saiidi, D. Sanders and B. Douglas, 11/7/96, (PB97-133557, A06, MF-A02).

“Proceedings of the Long-Span Bridge Seismic Research Workshop,” edited by 1.G. Buckle and 1M.
Friedland, to be published.

“Establish Representative Pier Types for Comprehensive Study: Eastern United States,” by J. Kulicki and
Z. Prucz, 5/28/96, (PB98-119217, A07, MF-AQ2).

“Establish Representative Pier Types for Comprehensive Study: Western United States,” by R. Imbsen,
R.A. Schamber and T.A. Osterkamp, 5/28/96, (PB98-118607, A07, MF-A02).

“Nonlinear Control Techniques for Dynamical Systems with Uncertain Parameters,” by R.G. Ghanem and
M.L Bujakov, 5/27/96, (PB97-100259, A17, MF-A03).

“Seismic Evaluation of a 30-Year Old Non-Ductile Highway Bridge Pier and Its Retrofit,” by J.B. Mander,
B. Mahmoodzadegan, S. Bhadra and S.S. Chen, 5/31/96.

“Seismic Performance of a Model Reinforced Concrete Bridge Pier Before and After Retrofit,” by J.B.
Mander, J.H. Kim and C.A. Ligozio, 5/31/96.

“IDARC2D Version 4.0: A Computer Program for the Inelastic Damage Analysis of Buildings,” by R.E.
Valles, AM. Reinhorn, S.K. Kunnath, C. Li and A. Madan, 6/3/96, (PB97-100234, A17, MF-A03).

“Estimation of the Economic Impact of Multiple Lifeline Disruption: Memphis Light, Gas and Water
Division Case Study,” by S.E. Chang, H.A. Seligson and R.T. Eguchi, 8/16/96, (PB97-133490, A11, MF-
A03).

“Proceedings from the Sixth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures Against Soil Liquefaction, Edited by M. Hamada and T. O’Rourke, 9/11/96, (PB97-
133581, A99, MF-A06).
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“Chemical Hazards, Mitigation and Preparedness in Areas of High Seismic Risk: A Methodology for
Estimating the Risk of Post-Earthquake Hazardous Materials Release,” by H.A. Sehgson R.T. Eguchi, K.J.
Tierney and K. Richmond, 11/7/96.

“Response of Steel Bridge Bearings to Reversed Cyclic Loading,” by J.B. Mander, D-K. Kim, S.S. Chen
and G.J. Premus, 11/13/96, (PB97-140735, A12, MF-A03).

“Highway Culvert Performance During Past Earthquakes,” by T L. Youd and C.J. Beckman, 11/25/96,
(PB97-133532, AG6, MF-A0Q1).

“Evaluation, Prevention and Mitigation of Pounding Effects in Building Structures,” by R.E. Valles and
AM. Reinhomn, 2/20/97, (PB97-159552, A14, MF-A03).

“Seismic Design Criteria for Bridges and Other Highway Structures,” by C. Rojahn, R. Mayes, D.G.
Andetson, J. Clark, J.H. Hom, R.V. Nutt and M.J. O’Rourke, 4/30/97, (PB97-194658, A06, MF-A03).

“Proceedings of the U.S.-Italian Workshop on Seismic Evaluation and Retrofit,” Edited by D.P. Abrams and
G.M. Calvi, 3/19/97, (PB97-194666, A13, MF-A03).

"Investigation of Seismic Response of Buildings with Linear and Nonlinear Fluid Viscous Dampers," by
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